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The leucine-rich repeat domain of Internalin B is
composed of seven tandem leucine-rich repeats,
which each contain a short b strand connected to
a 310 helix by a short turn, and an N-terminal a-helical
capping motif. To determine whether folding pro-
ceeds along a single, discrete pathway or multiple,
parallel pathways, and to map the structure of the
transition state ensemble, we examined the effects
of destabilizing substitutions of conserved residues
in each repeat. We find that, despite the structural
redundancy among the repeats, folding proceeds
through an N-terminal transition state ensemble in
which the extent of structure formation is biased
toward repeats one and two and includes both
local and interrepeat interactions. Our results sug-
gest that the N-terminal capping motif serves to
polarize the folding pathway by acting as a fast-
growing nucleus onto which consecutive repeats
fold in the transition state ensemble, and highlight
the importance of sequence-specific interactions in
pathway selection.
INTRODUCTION
Folding studies of globular proteins are often complicated by the
sequence-distant contacts and the irregular distribution of struc-
tural elements that typify their tertiary structures. In contrast,
repeat proteins, which are composed of linear arrays of repeated
secondary structure elements, are free of long-range interac-
tions, and their regular topologies are easy to compare and dis-
sect. As a result, the contributions to equilibrium stability and
folding kinetics made by different regions of a repeat protein
can be directly measured and easily interpreted (Main et al.,
2005; Kloss et al., 2007).
f-value analysis is particularly informative in repeat proteins.
Because analogous perturbations can be made at the same
position in each repeat, direct comparison of the effects of
such perturbations on the folding kinetics and stability provides
a picture of the transition state ensemble (TSE). f-value analysis
has recently been used to elucidate the folding pathways of three
a-helical ankyrin repeat proteins (Tang et al., 2003; Bradley and
Barrick, 2006; Low et al., 2007; Lowe and Itzhaki, 2007b). For two
of these proteins, substitutions in a contiguous subset of repeats
slow the rate of folding, whereas substitutions in other repeatsStructurdo not (Tang et al., 2003; Bradley and Barrick, 2006). This appar-
ent preference for discrete folding pathways shows that
sequence variation among repeats is sufficient to bias the energy
landscape despite the structural redundancy across the protein,
although recent results demonstrate that alternative folding
pathways can be accessed as a result of sequence substitution
(Lowe and Itzhaki, 2007b).
In addition to a-helical ankyrin repeat proteins, a number of
other families of linear repeat proteins have been described.
One family of b sheet-containing repeat proteins, the leucine-
rich repeat (LRR) family, is themost abundant type of repeat pro-
tein in the Pfam database (LRR_1 has almost 60,000 sequence
entries in Pfam 22.0 [http://pfam.janelin.org].). Although abun-
dant, comparatively little is known about themechanisms of fold-
ing of b sheet-containing repeat proteins, including LRRproteins.
To explore the folding mechanism of b sheet-containing
repeat proteins, we have initiated equilibrium and kinetic folding
studies of the LRR domain of Internalin B (InlB). This domain is
composed of a linear array of seven LRRs, each made up of a
short b strand followed by a tight turn and a 310 helix (Figure 1A).
Adjacent repeats are connected by a turn. Linear stacking of
adjacent repeats creates a parallel b sheet along one surface
of the protein that spans the LRR domain. The N terminus of
the domain is capped by a 40 residue a-helical motif, and the
C terminus is capped by a short b strand (Marino et al., 1999).
Like many helical repeat proteins, InlB has recently been shown
to fold in an equilibrium two-state manner (Freiberg et al., 2004;
Courtemanche and Barrick, 2008).
Surprisingly, the kinetics of InlB also conform to a two-state
mechanism, a characteristic that makes InlB unique among the
naturally occurring repeat proteins for which folding kinetics
have been characterized (Courtemanche and Barrick, 2008).
Kinetic intermediates have been detected in the folding of
a-helical ankyrin repeat proteins (Tang et al., 2003; Mello et al.,
2005; Low et al., 2007; Lowe and Itzhaki, 2007a) and for the b
sheet-containing repeat protein pelC (Kamen and Woody, 2002).
The Tanford b-value (bT-value) for InlB is 0.4, indicating that
the TSE sequesters nearly half of the total change in solvent-
accessible surface area associated with folding to the native
state (Courtemanche and Barrick, 2008). Although the bT-value
provides an estimate of the size of the TSE of InlB, it does not
distinguish between discrete and parallel folding pathways, nor
does it provide information regarding which repeats become
structured in the TSE.
To learn whether InlB folds by a discrete pathway and to iden-
tify which regions become structured in the TSE, we have exam-
ined the effects of individual point substitutions in different
leucine-rich repeats and in the N-terminal capping motif on thee 16, 705–714, May 2008 ª2008 Elsevier Ltd All rights reserved 705
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Folding Pathway of the LRR Domain of Internalin Bfolding kinetics. We find that, in the rate-limiting step in folding,
structure is formed in the three N-terminal repeats (repeats
1–3) and in the N-terminal capping motif, whereas the C-terminal
repeats (4–7) remain largely unstructured. These findings sup-
port a strong bias toward a discrete set of structurally similar
pathways for folding.
RESULTS
To explore the folding mechanism, pathway, and structure of the
TSE of InlB, we determined the effects of analogous sub-
stitutions in each repeat of the LRR domain on the equilibrium
and kinetic folding mechanisms. We did this in two phases. First,
to obtain a rough repeat-by-repeat map of LRR folding,
we selected the conserved leucine in the 310 helix (position 18, Fig-
ure 1) of each repeat for substitution to alanine. The leucine at
position 18 of each repeat primarily contacts the leucine at posi-
tion 5 within the hydrophobic core of the C-terminally adjacent
repeat (Marino et al., 1999). Thus, the L18 substitution series
can be regarded as interrogating the formation of contacts at
Figure 1. Structural Features of the Seven
Leucine-Rich Repeats and a-Helical
Capping Motif of InlB
(A) Ribbon diagram in which the conserved leucine
residues at position 18 of each repeat, as well
as the isoleucine at position 22 of the N-terminal
capping motif, are shown in CPK representation.
Short loops are positioned toward the reader.
(B) Ribbon diagram of repeat 4; conserved hydro-
phobic residues are shown in green, and carbon,
oxygen, and nitrogen atoms of conserved
polar residues are shown in gray, red, and blue,
respectively.
(C) Consensus sequences for the leucine-rich
repeats and the N-terminal capping motif (x, any
residue; s, small residue). Secondary structure
assignments (a, a helix; b, b strand; h, 310 helix)
and the numbering of residues within each repeat
are taken fromMarino et al. (1999). This figure was
generated using PDB file 1d0b (Marino et al., 1999)
and PyMOL (DeLano, 2002).
the interface between the 310 helix of
the repeat in which the substitution is
made and the b strand of the adjacent
repeat. We also selected the isoleucine
at position 22 of the N-terminal capping
motif (gray spheres, Figure 1A) for sub-
stitution to valine based on its fully buried
position, which allows us to probe the
effects of perturbing packing within the
hydrophobic core of the capping motif.
In the second phase, once we obtained
a coarse map of which repeats were be-
coming structured in the TSE (see below),
we made a variety of substitutions in
those repeats. This second series was
generated to obtain a more detailed
picture of which structural elements are
formed in the TSE within and between
each repeat. We chose four conserved residues as the sites
for our second set of substitutions: a leucine at position 2, an
asparagine at position 10, an isoleucine at position 12, and an
aspartate at position 14 (Figures 1B and 1C). All substitutions
were selected to perturb local interactions without causing
major, long-range structural rearrangements.
To accurately determine f values, it is necessary to make sub-
stitutions that produce ameasurable destabilization (ideally >1
kcal/mol) (Sanchez and Kiefhaber, 2003b). However, owing
to the limited stability of InlB (3.89 kcal$mol1) (Courtemanche
and Barrick, 2008), substitutions that were too strongly destabi-
lizing (> 2 kcal/mol) prevented reliable measurement of the
folding rate and the equilibrium stability. Satisfying the two crite-
ria often required construction and thermodynamic evaluation of
multiple substitutions at a given site (Table 1).
Effect of Substitutions at Position 18 of Each
Repeat on Stability
To quantify the effect of the alanine substitutions at position 18 of
each repeat (L18A and I18A substitutions) on the stability of InlB,706 Structure 16, 705–714, May 2008 ª2008 Elsevier Ltd All rights reserved
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monitoring both circular dichroism (CD) at 217 nm and trypto-
phan fluorescence. The primary contribution to CD signal at
217 nm is the b sheet, which spans the entire LRR domain. The
primary contribution to fluorescence is the single tryptophan,
located in the third repeat of the LRR domain. Three alanine va-
riants (3_L18A, 4_L18A, and 6_L18A, which contain substitutions
in the third, fourth, and sixth repeats, respectively) only showpar-
tial unfolding transitions. This likely results from incomplete fold-
ing of the LRR domain, as evidenced by significant differences in
the shapes and magnitudes of the far- and near-UV CD spectra
of these variants compared to those of wild-type InlB (not
shown). As described above, these three substitutions are too
destabilizing to provide an accurate measure of TSE structure.
Thus, we made more conservative substitutions to valine at
Table 1. Thermodynamic Parameters Determined from
Equilibrium Studies of InlB Variants
DG0H2O
(kcal/mol)
M-value
(kcal/mol$M) Cm (M)
Wild-Type 3.89 ± 0.06 2.77 ± 0.04 1.40 ± 0.10
L18 Variants N_I22V 2.65 ± 0.12 2.52 ± 0.07 1.05 ± 0.19
1_I18A 2.42 ± 0.16 2.38 ± 0.06 1.02 ± 0.22
2_L18A 2.05 ± 0.09 2.77a 0.74 ± 0.09
3_L18Ab N/A N/A N/A
3_L18V 2.38 ± 0.06 2.77a 0.86 ± 0.06
4_L18Ab N/A N/A N/A
4_L18V 2.22 ± 0.01 2.77a 0.80 ± 0.10
5_L18A 1.75 ± 0.13 2.77a 0.63 ± 0.13
6_L18Ab N/A N/A N/A
6_L18V 2.16 ± 0.37 2.77a 0.78 ± 0.37
7_L18A 2.27 ± 0.06 2.77a 0.82 ± 0.06
N-Terminal Variants 1_S10N 2.86 ± 0.27 2.58 ± 0.21 1.11 ± 0.49
1_I12Ab N/A N/A N/A
1_I12V 2.58 ± 0.05 2.77a 0.93 ± 0.05
1_S14D 2.71 ± 0.07 2.77a 0.98 ± 0.07
2_N10L 1.39 ± 0.18 2.77a 0.50 ± 0.18
2_L12Ab N/A N/A N/A
2_L12V 2.52 ± 0.08 2.77a 0.91 ± 0.08
2_D14N 2.86 ± 0.08 2.53 ± 0.10 1.13 ± 0.18
3_L2A 0.83 ± 0.07 2.77a 0.30 ± 0.07
3_L2V 2.47 ± 0.01 2.77a 0.89 ± 0.01
3_N10L 1.97 ± 0.33 2.77a 0.71 ± 0.33
3_I12A 0.75 ± 0.05 2.77a 0.27 ± 0.05
3_I12Vb 3.38 ± 0.09 2.76 ± 0.08 1.22 ± 0.17
3_D14N 2.91 ± 0.09 2.77a 1.05 ± 0.09
4_L2V 2.05 ± 0.05 2.77a 0.74 ± 0.05
Parameters were estimated by fitting the linear free energy equation (see
the Experimental Procedures) to CD-monitored urea-induced unfolding
transitions. Errors in thermodynamic parameters are standard errors of
the mean of three or more independent melts.
a Them-values for variants that lacked native baselines were fixed at 2.77
kcal/mol$M.
bThese variants either failed to fold or produced destabilizations that
were too small to meet our criteria for f value analysis.Structureposition 18 in each of these repeats, which allowed nearly com-
plete unfolding transitions to be measured, and, importantly, al-
lowed the rate of folding to be determined (see below).
In general, the position 18 substitutions and the valine sub-
stitution in the capping motif of InlB produce large changes
in the urea-induced unfolding curves and result in substantial
decreases in urea midpoints, suggesting that these conserved
residues are very sensitive to substitution and contribute signifi-
cantly to the overall stability of InlB (Figure 2). Although the spe-
cific effects of the substitutions on the transition midpoint (Cm)
and the free energy of unfolding (DG0u,H2O) depend on the posi-
tion of the substitution, the alanine and valine substitutions listed
in Table 1 satisfy the criteria listed above for f-value analysis.
Effects of Substitutions at Position 18 of Each
Repeat on Kinetics
To quantify the effect of each of the L18 substitutions on the fold-
ing and unfolding kinetics of InlB, we monitored refolding and
unfolding traces by fluorescence emission and compared the
fitted rate constants to those of wild-type InlB. As observed for
wild-type InlB, refolding progress curves of the L18/I18 and
N-terminal cap variants are biphasic, whereas unfolding occurs
in a single phase. As illustrated with 6_L18V (Figure 3A), substi-
tutions in repeats 4–7 have no effect on refolding curves; as a re-
sult, fitted rate constants for both refolding phases are the same,
within error, as those of wild-type InlB (Table S1; see the Supple-
mental Data available with this article online). These substitutions
do, however, have a large effect on unfolding, and fitted rate con-
stants for the unfolding phase are significantly greater than the
rate constant for unfolding of wild-type InlB (Figure 3B; Table S1).
Substitutions in the N-terminal capping motif and repeats
one and two substantially slow the refolding progress curves
and result in large decreases in the rate constants for both refold-
ing phases (Figure 3; Table S1). The fitted fast refolding rate
Figure 2. Urea-Induced Equilibrium Unfolding of Wild-Type InlB and
L18 Variants
Denaturation curves of InlB (wild-type, black), N_I22V (gray), 1_I18A (red),
2_L18A (orange), 3_L18V (gold), 4_L18V (green), 5_L18A (blue), 6_L18V
(cyan), and 7_L18A (purple) were monitored by CD at 217 nm. Solid lines are
the results of fits of a two-state model to the data, holding the m-value
constant at 2.77 kcal$mol1$M1 (see the Experimental Procedures).16, 705–714, May 2008 ª2008 Elsevier Ltd All rights reserved 707
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value as the rate constant of the slow refolding phase of InlB;
as a result, both fitted refolding rate constants for this variant
are likely to include contributions from prolyl isomerization as
well as folding. The substitutions in the cap and in repeats one
and two have no effect on the unfolding rate, and fitted rate con-
stants for the unfolding phase are the same, within error, as for
wild-type InlB. The valine substitution in repeat three slows
refolding and speeds unfolding by a modest amount, resulting
in a decrease in the fitted rate constants for refolding and an
increase in the fitted rate constants for unfolding.
To determine the rates of folding and unfolding in the absence
of denaturant for the L18/I18/cap variants, wemeasured the urea
Figure 3. Refolding and Unfolding of Wild-Type InlB and Two
Variants
(A and B) Kinetic refolding and unfolding traces of InlB (wild-type, black),
N_I22V (gray), and 6_L18V (cyan). (A) Refolding was initiated by rapid dilution
of urea from 3 M to 0.2 M. Refolding data were fitted with double-exponential
functions (solid lines) according to Equation 1. (B) Unfolding was initiated by
rapid addition of urea from 0 M to 2.95 M. Unfolding data were fitted with a
single-exponential function (solid lines) according to Equation 1. For clarity,
only every tenth data point (circles) is shown in each panel.708 Structure 16, 705–714, May 2008 ª2008 Elsevier Ltd All rights rdependences of the rate constants and amplitudes for refolding
and unfolding of each variant. Plotting the rate constants as
a function of urea concentration gives rise to a linear ‘‘chevron’’
plot (Figure 4). To separate the effects of substitution on folding
and unfolding from prolyl isomerization, we fitted a three-state
model to the urea dependence of refolding and unfolding rate
constants and amplitudes (Figure 4, solid lines), which permits
the underlying rate constants (kcis-trans, ktrans-cis, kf, and ku) to
be quantified and allows the folding and unfolding rate constants
in the absence of urea to be estimated by extrapolation (Table 2)
(see the Experimental Procedures). This provides direct access
to the rates of folding and unfolding and is especially important
for strongly destabilized variants, where measured rate con-
stants are mixtures of folding and prolyl isomerization.
For the N-terminally localized substitutions (N_I22V, 1_I18A,
2_L18A), the extrapolated refolding rates in the absence of
urea are significantly slower than the wild-type value, whereas
the rates associated with prolyl isomerization and unfolding
remain largely unchanged (except for 2_L18A, where prolyl
isomerization is slowed by a factor of two). For the C-terminally
localized variants (4_L18V, 5_L18A, 6_L18V, and 7_L18A), the
extrapolated refolding (and prolyl isomerization) rates are very
similar to those of the wild-type construct, whereas the extrapo-
lated unfolding rates are significantly faster than the wild-type
value. For 3_L18V, which is in the center of the LRR domain,
both the refolding and unfolding limbs are affected, and thus
both the refolding and unfolding rates differ from those of the
wild-type construct. The rate of prolyl isomerization for this
variant, however, does not significantly differ from that of
wild-type InlB.
A parallel folding mechanism in which folding can proceed
through any of the topologically equivalent LRRs would result
in modest, uniform decreases in folding rates throughout the
LRR domain (Fersht et al., 1994). In contrast, substitutions at
position 18 of each repeat differ substantially from one another,
with some substitutions affecting folding (but not unfolding) and
other analogous substitutions affecting unfolding (but not
refolding). This behavior is consistent with a discrete polarized
pathway for folding. Position 18 substitutions that slow refolding
rates are in the N-terminal half of InlB (repeats one, two, and
three, as well as the N-terminal cap), whereas substitutions
that speed unfolding are in the C-terminal half of InlB (repeats
4–7). These observations suggest that, in the folding pathway
of InlB, the N-terminal part of the molecule is structured in the
rate-limiting step.
Effects of Additional N-Terminal Substitutions
on Stability and Kinetics
Although the kinetic parameters obtained from fitting the
chevron plots of the L18/I18/cap substitutions suggest an N-ter-
minally polarized folding pathway for InlB, this set of substitu-
tions provides a rather coarse-grained view of the TSE. To gain
further insight into the extent of structure formation within each
LRR involved in the TSE, we made a second series of variants
containing point substitutions at various conserved positions
throughout the N terminus of InlB (Figure 1B). As described
above, the identities of substituting residues were selected to
produce a destabilization large enough to accurately determine
a f value, but small enough to observe the unfolding transition.eserved
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Folding Pathway of the LRR Domain of Internalin BFigure 4. Chevron Plots for L18 Variants of InlB
Urea dependence of fluorescence-monitored rate constants for the fast refolding and unfolding phases (circles) and the slow refolding phase (squares) of N_I22V
(gray), 1_I18A (red), 2_L18A (orange), 3_L18V (gold), 4_L18V (green), 5_L18A (blue), 6_L18V (cyan), and 7_L18A (purple). Solid and dashed colored lines show
results of fitting a three-state kinetic model to the data (see the Experimental Procedures). The black lines in each panel correspond to the fit to the urea depen-
dences of the refolding and unfolding rate constants for wild-type InlB (Courtemanche and Barrick, 2008).As at position 18, at some positions this required us to examine
multiple substitutions (Table 1).
Consistent with the effects of the position 18 substitutions in
repeats 1–3, all of our additional N-terminal substitutions slow
the refolding kinetics of InlB, as monitored by stopped-flow tryp-
tophan fluorescence. This is reflected in the chevron plots of
these N-terminal variants, in which the most significant differ-
ences compared to wild-type InlB are in the folding limb and
result in fitted folding rate constants that are smaller than that
of wild-type InlB (Figure 5; Table 2). All chevron plots were fitted
with a three-state model, except for those of 2_N10L, 3_N10L,
and 3_I12A, for which only one refolding phase was observed.
The chevron plots for 2_N10L and 3_I12A were fitted with
a two-state model, in which folding occurs directly from the
denatured state, regardless of the isomerization state of the
prolines. Fitting of the chevron plot for 3_N10L was not possible,
due to the absence of a refolding arm. Substitutions produce
different kinetic effects both at analogous positions in different
repeats, and at different positions within a particular repeat.
The position dependence of the kinetic effects suggests that en-
tire repeats do not fold as a unit, but rather that the residueswithin
a single repeat are structured to different extents in the TSE.
DISCUSSION
By quantifying the energetic and kinetic effects of substitutions at
various conserved positions along InlB, we were able to map
structure formation in the foldingTSE.We initially selected the leu-
cineatposition18of each repeat for substitutionbecause this res-
idue is conserved both in the primary sequence (with the excep-
tion of the first repeat, in which an isoleucine is found at position
18) and in its spatial position within each repeat. As a result, we
were able to compare the effects of making the same structural
perturbationalong the LRRdomainwithout having to consider dif-Structureferences in the surrounding structural environment at eachsitewe
analyzed.We alsomade a substitution at position 22 of the N-ter-
minala-helical cappingmotif of InlB.Weselected the isoleucine at
this position for substitution to valine because it is buried within
the hydrophobic core of the capping motif, and it forms contacts
exclusively with other residues within the cap, instead of with the
solvent or the adjacent LRR. Together, the set of position 18 and
cap variants provide insight into which regions contribute struc-
ture to the TSE for folding on a repeat-by-repeat basis.
To gain further residue-specific information about the extent of
structure formation within the repeats involved in the TSE, we
made a second series of substitutions at a variety of additional
conserved sites in repeats 1–4. These variants allow us to deter-
mine whether transition state structure is distributed uniformly
within each repeat, or if residues at different positions contribute
differently to the TSE. In addition, all of our variants allow us to in-
vestigate the distribution of equilibrium stability throughout the
LRR domain of InlB and to ask whether one region or conserved
residue type contributes more to overall stability than another.
The Stability of InlB Is Very Sensitive to Substitution
Urea-induced denaturations of our variants reveal large
decreases in the midpoint of each unfolding transition, relative
to that of wild-type. Although the transitions for many of our
variants show limited native baseline, fitting the curves with
a two-state model in which the slope of the transition is fixed
at the wild-type value allows us to estimate the unfolding free
energy (Table 1). With the exception of 3_I12V, the point substi-
tutions are all destabilizing enough to satisfy our criteria for
f-value analysis, although the extent of the destabilization de-
pends on the particular residue that is substituted. No particular
region or conserved residue type ismore sensitive to substitution
than another, suggesting that contributions to equilibrium stabil-
ity are distributed throughout the protein and throughout each16, 705–714, May 2008 ª2008 Elsevier Ltd All rights reserved 709
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kf,H2O mf ku,H2O mu kcis-trans ktrans-cis DG
0
H2O,kin
a ff fu
Wild-Type 1.32 1.23 0.0014 1.54 0.087 0.050 3.77 - -
L18 Variants N_I22V 0.249 0.74 0.0022 1.46 0.076 0.042 2.54 0.80 0.22
1_I18A 0.295 1.22 0.0019 1.45 0.081 0.046 2.72 0.84 0.17
2_L18A 0.137 2.04 0.0018 1.44 0.039 0.020 2.32 0.93 0.10
3_L18V 0.520 1.75 0.012 1.31 0.078 0.060 1.89 0.29 0.68
4_L18V 1.13 1.36 0.058 1.10 0.084 0.010 1.69 0.04 1.06
5_L18Ab 0.99 1.23b 0.33 1.03 0.087b 0.050b 0.38 0.05 0.95
6_L18Vc 1.13 0.99 0.061 1.53 0.087c 0.050c 1.46 0.04 0.97
7_L18A 1.48 1.27 0.054 1.34 0.080 0.034 1.75 0.03 1.07
N-Terminal Variants 1_S10N 0.680 1.27 0.0020 1.40 0.085 0.049 3.18 0.67 0.36
1_I12V 0.287 1.54 0.0048 1.25 0.077 0.041 2.17 0.56 0.46
1_S14D 0.372 1.29 0.0020 1.46 0.079 0.040 2.85 0.82 0.23
2_N10Ld 0.033 1.21 0.0057 0.85 N/A N/A 1.04 0.80 0.30
2_L12V 0.543 1.46 0.0046 1.35 0.080 0.048 2.50 0.41 0.59
2_D14N 0.740 1.54 0.0019 1.45 0.072 0.021 3.38 0.88 0.46
3_L2V 0.273 1.83 0.0030 1.34 0.069 0.029 2.46 0.71 0.34
3_N10Le n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
3_I12Ad 0.043 1.80 0.0090 0.92 N/A N/A 0.93 0.71 0.39
3_D14N 0.639 1.34 0.0039 1.36 0.098 0.049 2.78 0.43 0.61
4_L2V 0.230 1.68 0.0081 1.22 0.084 0.045 1.73 0.51 0.51
Rate constants are given in s1, refolding and unfoldingm-values (mf andmu, respectively) are given in kcal$mol
1$M1, and free energies are given in
kcal$mol1. Parameters were obtained from fitting a three-state model to each chevron plot (Equation 2).
a Free energies of unfolding were calculated based on the fitted folding and unfolding rate constants and were corrected for prolyl isomerization in the
denatured state.
b For 5_L18A, proline isomerization rates and mf were fixed at the wild-type values during fitting.
c For 6_L18V, proline isomerization rates were fixed at the wild-type values during fitting.
d The variants 2_N10L and 3_I12A had only one observed refolding rate; thus, a two-state model was fit to these chevron plots (Equation 3).
e The chevron plot for 3_N10L lacked sufficient refolding rate contributions to be fit. Therefore, kinetic parameters were not determined for this variant.repeat. With the exception of the residues in repeat one that
interact directly with the N-terminal capping motif, any deviation
from the LRR consensus sequence significantly destabilizes the
protein, suggesting that the consensus sequence maximizes the
stability of each repeat, as has been seen in studies of consen-
sus helical repeat proteins (Mosavi and Peng, 2003; Devi et al.,
2004; Kajander et al., 2005; Tripp and Barrick, 2007).
An N-Terminal Pathway for Folding
Analysis of the refolding and unfolding rate constants of the
position 18 and cap variants suggests that the kinetic effects
of each substitution are, for the most part, partitioned either to
the folding or the unfolding reaction, but generally not both. Sub-
stitution in repeats one and two, as well as in the helical capping
motif, perturbs the folding reaction, as evidenced by the slower-
folding and similar unfolding rate constants compared to those
of wild-type InlB. Substitution in repeats 4–7 affects the unfold-
ing reaction, as evidenced by the similar folding and faster un-
folding rate constants compared to those of wild-type InlB. In
contrast, substitution in the third repeat affects both the folding
and unfolding reactions, resulting in a slower fitted folding rate
constant and a faster fitted unfolding rate constant. These results
are suggestive of a discrete and polarized pathway for folding
through an N-terminal TSE, with repeat three behaving as
a boundary.710 Structure 16, 705–714, May 2008 ª2008 Elsevier Ltd All rights reAnalysis of the refolding and unfolding kinetics of our set of
N-terminal variants provides additional residue-specific informa-
tion regarding structure formation in the TSE. Consistent with the
kinetic effects of the position 18 variants in repeats 1–3, fitted
folding rate constants for these variants are decreased relative
to the folding rate constant of InlB. The unfolding rate is not
affected significantly in most of these variants, with the excep-
tion of 2_L12V, 3_N10L, and 4_L2V, which have larger unfolding
rate constants than that of wild-type InlB, in addition to smaller
folding rate constants.
To quantify the amount of local structure formed in the TSE of
InlB, we calculated folding f values (ff) for the folding reactions
of each variant, according toEquation 4 (Figure 6A; Table 2). The f
value relates the effect of a sequencemodification on a rate con-
stant to its effect on a related equilibrium constant (Matthews,
1987; Fersht et al., 1994). A low ff value indicates that little struc-
ture is formed in the TSE for folding at a particular substitution
site, whereas a high ff value indicates substantial transition state
structure.
Calculated ff values clearly reflect the observations described
above: the structure in the TSE for folding of InlB is biased toward
the N terminus, and repeats 4–7 remain largely unstructured.
However, within the N-terminal half of InlB, ff values indicate
that the extent of structure formation in the TSE is distributed un-
evenly. The N-terminal cap variant has a high ff value, indicatingserved
Structure
Folding Pathway of the LRR Domain of Internalin BFigure 5. Chevron Plots for the N-Terminal Variants of InlB
Urea dependence of fluorescence-monitored rate constants for the fast refolding and unfolding phases (circles) and the slow refolding phase (squares) of
the N-terminal variants. Chevron plots are arranged in columns by the repeat in which the substitution was made, and in rows by the position of the substituted
residue. Solid and dashed colored lines show results of fitting a three-state kinetic model to the data (see the Experimental Procedures). The black lines in
each panel correspond to the fit to the urea dependences of the refolding and unfolding rate constants for wild-type InlB (Courtemanche and Barrick, 2008).that this helical region is largely folded in the TSE. On average,
substitutions made within repeats one and two also have high ff
values, whereas substitutions made within repeat three have
smaller (although non-zero) ff values. This difference in ff values
between repeats three and the more N-terminal repeats may re-
flect a homogeneous TSE in which repeat three is folded to
a lesser extent than are repeats one and two. Alternatively, the
TSE may be a heterogeneous mixture in which repeats one
and two (and the N-terminal cap) are always folded, but repeat
three is folded only in a subset of conformations composing
the TSE. In this second scenario, substitutions in repeat three
should effectively close down the larger (cap through repeat
three) pathway, but they should not affect the smaller (cap
through repeat two) pathway. Regardless of the status of repeat
three, our ff values indicate that approximately half of InlB is
involved in formation of the TSE (although the extent of structure
formation varies in a position-specific manner), which is consis-
tent with the bT-value of 0.4 obtained from the chevron plot of
wild-type InlB (Courtemanche and Barrick, 2008).StructureThe N-terminal substitution series probes the formation of
several different types of interactions. Three substitutions probe
hydrophobic packing interactions in different regions of the LRR:
substitution at position 2 probes interrepeat packing at the turn
immediately leading into the b strand (which we refer to as the
‘‘short turn’’) (Figure 1B), substitution at position 12 probes local
packing at the turn after the b strand at the other end of the
repeat (which we refer to as the ‘‘long turn’’) (Figure 1B), and sub-
stitution at position 18 probes packing interactions between
each 310 helix and the following b strand. Two positions, both
in the long loop, probe polar side chain hydrogen-bonding inter-
actions. Substitution at position 14, which acts as an N-cap to
the 310 helix, probes local structure formation within each repeat,
whereas substitution at position 10 probes hydrogen-bond
formation to the backbone of an adjacent (N-terminal) repeat.
The ff values measured by individually disrupting each of
these interactions reveal a TSE in which secondary structural
elements and long-range contacts are well established in
repeats one and two, and only partially developed in repeat three.16, 705–714, May 2008 ª2008 Elsevier Ltd All rights reserved 711
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the 310 helices are well formed and capped in repeats one and
two, whereas the helix in the third repeat is less structured.
Also, the ff values measured at position 18 in the first three
repeats reveal that contacts between the 310 helix and the b
strand in repeats one and two, respectively, as well as in repeats
two and three, respectively, are well established, whereas con-
tacts between the 310 helix of repeat three and the b strand of
repeat four are not formed to the same extent.
The ff values measured in each of the turn regions mirror
these observations. Substitution at position 2 (short turn) results
in a high ff value in repeat three and a smaller ff value in repeat
four, indicating substantial packing between repeats two and
three, but less packing between repeat 3 and the N terminus
of repeat 4. Moreover, substitution at position 10 (long turn)
reveals that hydrogen-bonding interactions are formed between
adjacent long turns. However, the intermediate ff values at
Figure 6. f Values for the Folding and Unfolding of InlB Variants
(A and B) (A) Folding and (B) unfolding f values associated with substitutions in
the N-terminal capping motif (gray), repeat 1 (red), repeat 2 (orange), repeat 3
(gold), repeat 4 (green), repeat 5 (blue), repeat 6 (cyan), and repeat 7 (purple) of
InlB. Bars corresponding to f values associated with L2V, N10L, I12V, D14N,
and L18A/V variants contain crosshatch patterning, diagonal stripes, light
shading, horizontal stripes, and solid shading, respectively. Because the
substitution 3_I12V resulted in too small a destabilization to satisfy our criteria
for f-value analysis, f values for 3_I12A are shown.712 Structure 16, 705–714, May 2008 ª2008 Elsevier Ltd All rights rposition 12 indicate that the long turn is not fully organized in
the TSE.
Shading the structure of InlB according to our calculated ff
values provides a model of a polarized TSE in which the N-termi-
nal portion of the protein folds first while the C-terminal repeats
remain largely unstructured in the rate-limiting step to folding
(Figure 7). This model also highlights our findings that repeat
three is folded to a lesser extent than are repeats one and two,
and reflects that position-specific variations in the degree of
folding exist within the N-terminal repeats in the TSE.
We also calculated the unfolding f value (fu) for each variant
(Figure 6B; Table 2). The C-terminal repeats have large fu values,
indicating that these repeats becomedisorderedprior to the rate-
limiting step in unfolding. Repeats 1–3 have small fu values, sug-
gesting that these repeatsmostly unfold after the formation of the
TSE (in the unfolding direction). The fu values for repeat three are
slightly greater than those for repeats one and two, indicating that
this repeat is more disordered in the TSE than repeats one and
two. Shading the structure of InlB according to our calculated
fu values (Figure 7B) reveals a mirror image of the ff shading,
consistent with the polarized (N-terminal) TSE described above.
Comparison with Folding Pathways
of Other Repeat Proteins
Folding through a discrete pathway rather than through multiple
parallel pathways has been observed for several ankyrin repeat
proteins. p16INK4a, p19INK4d, and the Notch ankyrin domain
(four, five, and six structured repeats, respectively) have been
shown to fold through TSEs that comprise several folded adja-
cent repeats (Tang et al., 2003; Bradley and Barrick, 2006; Low
et al., 2007). Wild-type myotrophin, which contains four ankyrin
Figure 7. Folding and Unfolding Transition State Ensembles of InlB
(A and B) Ribbon diagrams of InlB (Marino et al., 1999) with residues color sat-
urated (A) blue and (B) red (hsb scheme) to match f values for the folding and
unfolding reactions, respectively. Shading for residues with negative f values
was set to zero saturation. Shading for adjacent residues was set by interpo-
lation. The figure was generated by using Molscript (Kraulis, 1991).eserved
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substitutions have been shown to promote folding through an
alternative pathway. Similar behavior has been seen in C-termi-
nally stabilized variants of the Notch ankyrin domain (Tripp and
Barrick, 2007, 2008). Our results with InlB demonstrate that dis-
crete folding pathwaysmay be amore general property of repeat
proteins, including those with b sheets connecting the repeats.
Restriction of the TSE to a specific subset of ankyrin repeats is
somewhat surprising due to the structural similarities among
repeats.
Although discrete folding pathways are common in repeat
proteins, the positions of the TSEs of these proteins vary. The
proteins p16INK4a, p19INK4d, and wild-type myotrophin possess
C-terminal folding pathways. The seven repeats of the Notch
ankyrin domain fold through a centralized TSE involving repeats
3–5 (Bradley and Barrick, 2006). There is substantial evidence
that the preferred folding pathways for each of these proteins
correspond to low-energy channels in the energy landscapes
(Zhang and Peng, 2000; Tang et al., 2003; Mello and Barrick,
2004; Bradley and Barrick, 2006; Low et al., 2007; Lowe and
Itzhaki, 2007b). It is therefore possible that folding of InlB pro-
ceeds through an N-terminal TSE because this region contrib-
utes most to the overall stability.
An additional factor that may influence pathway selection in
InlB is the helical capping motif. Helical structures typically fold
faster than b sheet structures (Plaxco et al., 2000), and the fact
that the substitution in the capping motif results in one of the
largest ff values in our series of variants underscores the impor-
tance of the role played by this structure in the TSE. However, it
must be noted that structure formation in the a-helical cap alone
is insufficient to directly lead to the native state in an energetically
downhill way, since the N-terminal LRRs also become structured
in the TSE. In this regard, the a-helical cap may serve as a fast-
growing nucleus onto which proximal LRRs can propagate.
Alternatively, the a-helical cap may be an early participant in
folding because it has high stability relative to the LRRs. Helical
capping motifs are common among LRR proteins, both at the N
and C termini, and may have a general role in organizing the TSE
and providing stability in other LRR proteins (Ceulemans et al.,
1999;Marino et al., 1999;Wu et al., 2000; Huyton andWolberger,
2007; Kim et al., 2007).
EXPERIMENTAL PROCEDURES
Mutagenesis, Protein Expression, and Purification
We expressed wild-type InlB (in which we previously replaced the single
cysteine in the leucine-rich repeat [LRR] domain with a serine to avoid dimer-
ization and promote long-term stability and reversible denaturation; Courte-
manche and Barrick, 2008) from the plasmid pET28a (Novagen), a gift from
the laboratories of Partho Ghosh and Pascale Cossart. Substitutions in this
wild-type construct were made using the QuikChange Mutagenesis Kit (Stra-
tagene; La Jolla, CA). We refer to polypeptides derived from constructs
containing single point mutations as i_XjY, where i represents the repeat in
which the substitution was made (or N for N-terminal cap), X represents the
residue that was substituted, j represents the number along the LRR consen-
sus sequence (or cap) corresponding to the substituted residue (see Figure 1),
and Y represents the residue that replaces the substituted residue. Constructs
containing single point substitutions were expressed in E. coli BL21 (DE3) cells
during a 4 hr induction with 1 mM IPTG at an OD600 of 0.6–0.8. Bacteria were
frozen; lysed in 600 mM NaCl, 15 mM Tris (pH 8.0), and 15 mM imidazole; and
the insoluble fraction was resuspended in lysis buffer containing 4 M urea.StructureProteins were purified by Ni2+ chromatography and were further purified on
a Sephacryl S-100 gel-filtration column. Purified proteins were dialyzed into
150 mM NaCl and 25 mM Tris (pH 8.0) and were frozen at 80C.
Equilibrium Folding Studies
Urea-induced equilibrium unfolding studies were performed and analyzed as
previously described (Courtemanche and Barrick, 2008). Some variants with
limited native baseline show substantial correlation between fitted thermody-
namic parameters (Street et al., 2008). To help constrain DG0H2O values for
these variants, we held the sensitivity to urea concentration (m-value) fixed
at the wild-type value (2.77 kcal/mol$M) for variants with midpoints below 1 M
urea (Table 1). Protein concentrations ranged from 2–4 mM, and buffer
conditions were 150 mM NaCl, 25 mM Tris (pH 8.0), 25C.
Kinetic Unfolding and Refolding Studies
Fluorescence-detected kinetic measurements of unfolding and refolding were
made on an Applied Photophysics SX.18MV-R stopped-flow fluorometer
(Leatherhead, UK), as previously described (Courtemanche and Barrick,
2008). Refolding and unfolding traces were monitored by tryptophan fluores-
cence after excitation at 280 nm. Final concentrations were typically 2–4 mM.
Kinetic Data Analysis
Amplitudes and rate constants for unfolding and refolding were determined by
using nonlinear least-squares fitting (Kaleidagraph, Synergy Software) of the
following equation to individual progress curves:
Yobs =YN +
Xn
i = 1
DYie
ki t ; (1)
YN represents the fluorescence signal at equilibrium, DYi represents the spec-
troscopic change contributed by the ith phase, and ki represents the rate con-
stant for the ith phase. Progress curves were considered to be best described
by the minimum number of phases (i = 1, 2, or 3) that produced a satisfactory
fit, based on distribution residuals and reduced c2 values. Uncertainties in fit-
ted rate constants averaged from multiple independent kinetic curves were
typically 2%.
For wild-type InlB, the fast and slow refolding phases are reasonably well
resolved, and thus provide a reasonable approximation to the rates of folding
and prolyl isomerization, respectively. For many of the variants, folding is
slowed, and thus the observed kinetic phases contain contributions from
both folding and prolyl isomerization. To separate the rate constants for folding
from prolyl isomerization, the following (two-state) kinetic schemewas fitted to
the observed rate constants and folding amplitudes as a function of urea:
Dcis !
kcistrans
ktranscis
Dtrans!
kf
ku
N (2)
where Dcis and Dtrans represent the ensemble of denatured conformations
containing at least one cis proline and all trans prolines, respectively, and
N represents the native state.
The urea dependences of the observed rate constants and amplitudes for
the fast and slow refolding phases, and the single unfolding phase, were
fitted simultaneously with the program ProFit 6.0.0 (Quantum Soft, Switzer-
land) (Sanchez and Kiefhaber, 2003a). Rate constants were assumed to be
log-linear with urea concentration (Courtemanche and Barrick, 2008). The
chevron plots for two of the most destabilized variants (5_L18A and 6_L18V)
have limited refolding arms; thus, the urea dependences of the observed
rate constants are not sufficient to define the kinetic constants. To constrain
these fits, the rate constants for prolyl isomerization were therefore fixed
at wild-type values during the fitting process. In addition, the urea depend-
ence of the rate constants for the folding arm of 5_L18A was fixed at the
wild-type value. These parameters were fixed because, in variants in which
they could be adequately determined, they are relatively insensitive to substi-
tution (Table 2). For 3_N10L, which is severely destabilized, we were unable to
determine the folding rate from chevron analysis. Determining this rate
would probably require a stabilizing osmolyte such as TMAO, which stabilizes
the wild-type InlB domain (unpublished data).
For two slow-folding variants (2_N10L and 3_I12A), only one refolding phase
was observed. The urea dependences of the refolding and unfolding rate16, 705–714, May 2008 ª2008 Elsevier Ltd All rights reserved 713
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Folding Pathway of the LRR Domain of Internalin Bconstants were therefore fitted with a two-state model in which denatured
protein folds directly to the native state irrespective of the isomerization state
of the proline residues, according to the following scheme:
D!
kf
ku
N (3)
f values were determined from the relationship:
ff =
RT ln k0f ;H2O=k
wt
f ;H2O
 
RT ln K0eq=Kwteq
  ; (4A)
fu =
RT ln k0u;H2O=k
wt
u;H2O
 
RT ln K0eq=Kwteq
  ; (4B)
where rate and equilibrium constants are extrapolated to zero molar denatur-
ant, and prime symbols and wt indicate values for variants and wild-type InlB,
respectively. We used rate constants fitted from our chevron plots to calculate
the denominators in the expressions given above both to avoid the uncertainty
associated with fitting equilibrium denaturations and to avoid the effects of
prolyl isomerization on the equilibrium constant.
SUPPLEMENTAL DATA
Supplemental Data include one table and can be found with this article online
at http://www.structure.org/cgi/content/full/16/5/705/DC1/.
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